Introduction {#s0005}
============

Primary central nervous system lymphoma (PCNSL) is derived from the central nervous system (CNS) and can include the brain parenchyma, spinal cord, eyeball, cranial nerve, and meninges but does not include dural lymphomas (such as follicular cell lymphoma and mantle cell lymphoma), intravascular B-cell lymphoma, immunodeficiency, or secondary to CNS lymphoma. It is a special type of non-Hodgkin lymphoma (NHL), accounting for 4%-6% of extracellular lymphomas and 1% of adult NHLs. More than 95% of PCNSL cases are diffuse large B-cell lymphoma (DLBCL), and other rare types include T-cell lymphoma and Burkitt lymphoma [@bb0005], [@bb0010], [@bb0015] The incidence of PCNSL increases with age, and it is becoming more common in aging populations, with a median age of 55-65 years [@bb0020]. The etiology of PCNSL is unclear, but it was reported to be related to EB or HIV infection, organ transplantation, or other diseases leading to immunodeficiency [@bb0025]. PCNSL exists behind the blood-brain barrier and blood-cerebrospinal fluid barrier; therefore, traditional and single-treatment methods do not effectively control tumor development. Current treatment methods include high-dose methotrexate-based chemotherapy, radiotherapy, targeted therapy, and stem cell transplantation [@bb0015], [@bb0030], [@bb0035]. However, for most PCNSL patients, the overall prognosis is poor, with a median overall survival time of 1-4 years, and the prognosis is significantly worse than for other NHLs outside the brain [@bb0040], [@bb0045].

Because of the rarity of PCNSL and the limited availability of biopsy tissues, the pathogenesis of PCNSL is still poorly understood, especially in the genomics research field in China. This has hindered the development and treatment of PCNSL. Advances in next-generation sequencing (NGS) technology have enabled the effective and comprehensive analysis of the molecular composition and function of various solid tumors and hematological malignancies, including PCNSL. Studies have shown that in PCNSL, *MYD88* and *CD79B* are the most frequently mutated genes (30%-83%), and approximately 16% of the mutations are targeted to the *CARD11* coiled helix domain leading to the inactivation of *TFNAIP3* (3%) [@bb0050], [@bb0055], [@bb0060]. Transcriptome studies reported that disordered genes in PCNSL are involved in the IL-4/JAK/STAT6, cell adhesion-related, unfolding protein response, and apoptosis-related signaling pathways [@bb0065]. Replication of copy number variation studies found that PCNSL patients have frequent chromosome deletions, especially in chromosome regions 6q, 6p21.32, and 9p21 [@bb0070]. However, which mutant genes are present in PCNSL are still unclear.

The NF-κB signaling pathway belongs to the receptor protein hydrolase-dependent receptor signaling pathway. In recent years, many studies have shown that the NF-κB pathway has a significant role in tumor occurrence, development, proliferation, differentiation, apoptosis, invasion, and metastasis [@bb0075]. In DLBCL, NF-κB is a common downstream effector molecule of many signaling pathways, including the BCR, TLRs, NOTCH, and JAK-STAT signaling pathways, all of which can activate their downstream factor NF-κB. Furthermore, interactions between different pathways form a complex signaling network and jointly promote the proliferation and differentiation, apoptosis, angiogenesis, invasion, metastasis, resistance, and other pathophysiological processes of lymphoma cells [@bb0080], [@bb0085], [@bb0090]. Other studies reported high-frequency mutations and abnormal activation of the NF-κB pathway in lymphoma patients [@bb0095], [@bb0100], providing new insights to the pathogenesis and prognosis of lymphoma.

In this study, we investigated the genomic alterations and related gene expressions in PCNSL patients to provide new insights into the mechanisms of lymphomagenesis and potential prognostic factors or treatment opportunities for PCNSL.

Materials and Methods {#s0010}
=====================

Patients {#s0015}
--------

A cohort of 57 specimens was obtained from Xiangya Hospital of Central South University from June 2012 to September 2016. Twenty-three of the latest 2-year diagnosis samples were used for DNA extraction and NGS. All cases of PCNSL were confined within the CNS (stage IE), were human immunodeficiency virus unrelated, and fulfilled the World Health Organization criteria for diagnosis. None of the patients had evidence of immunodeficiency. We also collected 20 cases diagnosed with lymphadenitis, which were used as the control group. All paraffin-embedded tumor specimens were collected in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national).

The clinical information included gender, age, PCNSL International Prognostic Index (IELSG), lactate dehydrogenase (LDH) level, type, treatment regimens, and survival time. All patients had complete clinical and follow-up data from the day of diagnosis to June 2017. Treatment response was evaluated using imaging techniques. The progression-free survival (PFS) and overall survival (OS) of these patients were calculated.

DNA Isolation {#s0020}
-------------

Twenty-three formalin-fixed paraffin-embedded (FFPE) tissue samples were obtained from archived material. FFPE material contained at least 70% tumor cells. DNA was extracted from a certain amount of wax roll samples using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany). DNA concentrations were measured with Qubit Fluorometer 2.0 (Life Technologies, Darmstadt, Germany). Sufficient amounts of DNA for further analysis were isolated from all archived FFPE samples. One patient was excluded from further analysis because of poor DNA quality.

Next-Generation Sequencing {#s0025}
--------------------------

The sequencing platform was provided by Burning Rock Biomedical Company (Guangzhou, China) with a panel of 64 lymphoma-related genes (Supplementary Table 1), which were related to lymphoma pathogenesis and targeted therapy. We used the probe hybridization enrichment method to detect the exon regions of all the genes and the intron region of parts of the genes. According to the manufacturer\'s protocol, the library preparation was performed using approximately 200 ng of genomic DNA for sequencing on the Illumina MiSeq system (Illumina Inc., San Diego, CA). Library size and quality were demonstrated with the Agilent High sensitivity DNA Kit (Agilent, Santa Clara, CA).

Immunohistochemistry {#s0030}
--------------------

The streptavidin-peroxidase--conjugated method was used for the detection of PIM1 and MYD88 expression. Resected tissue specimens of 4-μm thickness were deparaffinized in xylene and rehydrated through a gradient of alcohol and deionized water. Heat antigen retrieval was performed using ethylenediaminetetraacetic acid (pH 9.0) for 20 minutes followed by 3% hydrogen peroxide for 20 minutes and serum blocking for 30 minutes. Tissues were incubated overnight at 4°C with anti-PIM1 rabbit polyclonal antibody (Abcam, ab75776, USA, dilution 1:100) and anti-MYD88 rabbit monoclonal antibody (Abcam, ab33739, USA, dilution 1:500). Then, it was incubated with a biotin-conjugated secondary antibody for 30 minutes at 37°C. Slides were incubated in DAB for 1-2 minutes, and after 30 seconds of counterstaining with hematoxylin, the slides were dehydrated and mounted.

PIM1 and MYD88 immunohistochemistry expression was scored using a semiquantitative system based on the intensity and percentage of staining [@bb0105], [@bb0110]: negative, weak, moderate, or strong intensity. Negative and weak intensities were regarded as low expression; moderate and strong intensities were considered as high expression. We randomly selected five high-magnification (400×) areas of high-quality staining for each slide. Immunostaining results were independently evaluated by two pathologists who were blinded to the clinicopathological features. Appropriate positive and negative controls were included in the IHC assay.

Bioinformatics Analysis {#s0035}
-----------------------

Basic quality control was obtained using FastQC and raw data of the next-generation sequencing. We compared high-quality reads with the human genome (GRCH38, UCSC hg38) by using Burrows Wheeler Aligner software program. The indel realignment over the reads overlapping target regions was performed with the GATK Realigner Target Creator and Indel Realigner tools [@bb0115], [@bb0120]. In general, variants were accepted only if they occurred in at least 20% of reads; otherwise, variants with frequencies between 5% and 20% were analyzed manually using IGV [@bb0125]. InNels and single nucleotide polymorphisms were annotated by ANNOVARt37. Gene Ontology (GO) analysis was performed using the DAVID Bioinformatics Resources 6.8 database. GeneCards and the TCGA database were used for outcome comparisons and pathway analysis. We used R version 3.4.0 and GraphPad Prism 5 for figure rendering.

Statistical Analysis {#s0040}
--------------------

All data were analyzed by SPSS 24.0 software. The relationship between gene mutation or expression and clinical data of PCNSL patients was analyzed by the Chi-square test. Wilcoxon\'s test was used to compare clinical pathological characteristics with PIM1 and MyD88 immunohistochemistry expression. Fisher\'s exact test was used to analyze GO analysis of different genes. Spearman\'s rank correlation analysis was used to detect correlations between the expressions of PIM1 and MyD88. The Kaplan-Meier and log-rank tests were used for survival analysis. The Cox proportional-hazard regression model was used for prognostic-related multivariate correlation analysis. All tests were performed using bilateral 95% confidence intervals (CI). A value of *P* \< .05 was considered statistically significant.

Results {#s0045}
=======

Clinical Information {#s0050}
--------------------

This study included 57 cases of PCNSLs. The median age at diagnosis was 56 years, ranging from 17 to 78 years, and the male to female ratio was 1:0.9. Only 16 patients (28.1%) had an increased level of LDH. According to the PCNSL IELSG score standard [@bb0130], age \>60 years, PS \>1, LDH level higher than normal, higher protein concentration in cerebrospinal fluid, and tumor invasion of deep brain tissue (periventricular area, basal ganglia, brain stem, and cerebellum) are related to the prognosis index of risk. Eight patients (14.04%) were low risk (0-1 point), 35 (61.40%) were medium risk (2-3 point), and 14 (24.56%) were high risk (4-5 points). According to the Visco-Young algorithm [@bb0135], 49 patients (85.96%) had the activated B cell (ABC) type of lymphoma, and 8 had the germinal center B cell (GCB) subtype. Regarding initial surgical treatment, total tumor resection was performed in 30 patients (52.63%), and partial tumor resection was performed in 27 patients (47.37%). After initial treatment at the neurosurgery department and the histopathological confirmation of PCNSL, 22 patients were treated with chemotherapy and 9 received chemoradiotherapy.

Mutation Profile of PCNSL {#s0055}
-------------------------

In this study, we detected and analyzed primary central nervous system lymphoma in 22 patients using a lymphoma-related gene panel of 64 targeted genes for targeted sequencing analysis (Supplementary Table 1). These genes were selected on the basis of their relationship to lymphoma pathogenesis and targeted therapy. The exon regions of all the genes and intron regions of parts of the genes were amplified. The mean sequence depth across all samples was over 1000, indicating the advantages of high-throughput sequencing. Overall, 198 mutations and 43 different gene mutations were detected. The mean number of mutated genes per case was 9. Of these, the most frequently mutated genes in our patient cohort were *PIM1* (77.27%), *MYD88* (63.64%), *CD79B* (59.09%), and *KMT2D* (50.0%) ([Figure 1](#f0005){ref-type="fig"}*A*, Supplementary Table 2). The gene mutation types of 22 samples were classified into six major categories: missense mutations, frameshift mutations, splice mutations, nonsense mutations, deletion mutations, and gene fusion. Among these, missense mutations were the most common (68.68%, 136/198), followed by splice mutations (10.60%), frameshift mutations (9.60%) and nonsense mutations (9.09%) ([Figure 1](#f0005){ref-type="fig"}*B*).Figure 1Mutation frequencies in PCNSL cohort. (A) The distribution and frequency of genetic alterations in 22 primary central nervous system lymphoma patients. The types of mutation are labeled in different colors. (B) Pie chart showing the percentages of different types of somatic mutation in PCNSL.Figure 1

GO is widely used in the field of bioinformatics. It contains cellular components, molecular functions, and biological process. Bioinformatic analysis indicated that PCNSL-related mutation genes were mainly involved in the biological behavior of B cells and T cells and participated in the process of cancer formation ([Figure 2](#f0010){ref-type="fig"}).Figure 2Bioinformatic analysis for gene ontology and KEGG in PCNSL cohort. Using Fisher accurate test, *P* \< .05 as statistical significance. Enrich factor definition as the ratio of differential genes in a cohort group compared with the ratio in the database. The dots are sorted from the lower order of size according to the value of the enrich factor. (A) The top 30 GO enrichment in PCNSL. (B) The top 30 KEGG pathway enrichment in PCNSL.Figure 2

We further subdivided the 43 mutation genes targeted by the lymphoma panel into eight specific pathways ([Figure 3](#f0015){ref-type="fig"}*A*, Supplementary Table 3): NF-κB (*PIM1, MYD88, IRF4, CARD11*), B-cell receptor (*CD79B, CD79A, ITPKB*), epigenetic (*KMT2D, CREBBP, MEF2B*), JAK-STAT (*CCND1, SOCS1, STAT6, STAT3*), NOTCH1/2, immune-related (*CD58, CIITA*), and apoptotic signaling pathways (*GNA13, MYC, RHOA, BCL2*). As expected, the NF-κB signaling pathway had the most frequent mutations, accounting for 50.00% of cases, followed by the B-cell receptor signal pathway (12.62%), and apoptosis and epigenetic signal pathways (9.60%) ([Figure 3](#f0015){ref-type="fig"}*A*). Among the NF-κB signaling pathways, *PIM1* (58.6%) and *MYD88* (14.1%) were the most common mutations followed by *IRF4* (9.1%), *CARD11* (8.1%), and *PRDM1* (6.1%) ([Figure 3](#f0015){ref-type="fig"}*B*).Figure 3(A) Mutation pathway distribution among PCNSL specimens. Different color represents diverse mutation pathways and percentage. (B) The mutation genes frequency in NF-κB signaling pathway.Figure 3

Potential Clinical Impact of Mutated Genes {#s0060}
------------------------------------------

We analyzed each mutated gene in the lymphoma panel to determine any correlation with clinical characteristics including age, gender, risk score, and LDH level. The *CARD11* mutation was related to gender (*P* = .021), the *IRF4* variant was significantly associated with age (*P* = .005), and the *CD79B* mutation correlated with risk score (*P* = .025).

We investigated whether the presence or absence of the most prevalent variants was associated with clinical prognosis. We performed Kaplan-Meier analyses for the most frequently mutated genes using median PFS and median OS as readouts (Supplementary Table 4). Patients harboring a *CD79B* mutation in their lymphoma exhibited a significantly shorter PFS compared with patients with wild-type *CD79B* ([Figure 4](#f0020){ref-type="fig"}*A*, *P* = .044). Patients harboring a *GNA13* mutation showed a favorable PFS and OS ([Figure 4](#f0020){ref-type="fig"}, *B* and *C*, *P* = .030 and *P* = .037, respectively).Figure 4Mutation status and Kaplan-Meier survival curves of PCNSL patient cohort (*n* = 22 patients). (A) Progression-free survival for *CD79B* mutation status (*P* = .044). (B) Progression-free survival for *GNA13* mutation status (*P* = .030). (C) Overall survival for *GNA13* mutation status (*P* = .037).Figure 4

Immunohistochemical Expression of PIM1 and MYD88 in PCNSL {#s0065}
---------------------------------------------------------

We then performed PIM1 and MYD88 immunohistochemistry in samples from 57 PCNSL patients. PIM1 was mainly expressed in the nucleus, although cytoplasmic staining was found in a minority of patients ([Figure 5](#f0025){ref-type="fig"}*A*). MYD88 staining was predominantly cytoplasmic with little nuclear staining ([Figure 5](#f0025){ref-type="fig"}*B*). Positive expression was shown as yellow or brown staining. The positive expression rates of PIM1 and MYD88 in PCNSL were high (71.93%, 41/57 and 70.18%, 40/57, respectively) compared with the control group (30.00%, 6/20 and 15.00%, 3/20, respectively). The positive expression rate of PIM1 and MYD88 was statistically significant between PCNSL and lymphadenitis patients (*P* \< .05, [Table 1](#t0005){ref-type="table"}). Among PCNSL patients, the expression of PIM1 was positively correlated with the expression of MYD88 (r = 0.581, *P* = 2.0 × 10^−6^, [Table 2](#t0010){ref-type="table"}).Figure 5Immunohistochemistry staining for PIM1(A) and MYD88 (B) in PCNSL specimens. (A) Low expression of PIM1/MYD88 in PCNSL (IHC, ×100). (B) Low expression of PIM1/MYD88 in PCNSL (IHC, ×400). (C) High expression of PIM1/MYD88 in PCNSL (IHC, ×100). (D) High expression of PIM1/MYD88 in PCNSL (IHC, ×400).Figure 5Table 1The Expression of PIM1 and MYD88 in PCNSL and Lymphadenitis PatientsTable 1HistologyNo.PIM1*P* ValueMYD88*P* ValueLowHighHigh (%)LowHighHigh (%)PCNSL57164171.9%**.001**174070.2%**1.2** **×** **10**^**−5**^Lymphadenitis2014630.0%17315.0%Table 2Correlation Between PIM1 and MYD88 ExpressionTable 2MYD88*rP* ValueLowHighPIM1Low1250.581**2.0** **×** **10**^**−6**^High535

PIM1 and MYD88 Expression Correlates with Clinical Characteristics and Prognosis {#s0070}
--------------------------------------------------------------------------------

We investigated correlations of PIM1 and MYD88 expression with clinical characteristics including age, gender, risk score, type, and LDH level. The expression of PIM1 and MYD88 was related to the risk score of PCNSL patients (*P* = .023, *P* = 2.69 × 10^−4^, respectively). The high expression of PIM1 or MYD88 was correlated with a higher risk score, and the high expression of MYD88 was also correlated with the elevated level of LDH in our cohort (*P* = .015). However, there was no significant correlation with PCNSL patient age, gender, and/or type (*P* \> .05) ([Table 3](#t0015){ref-type="table"}).Table 3Correlation of PIM1 and MYD88 Expression with Clinicopathological FeaturesTable 3CharacteristicsNo.PIM1*P* ValueMYD88*P* ValueLowHighLowHighAge.206.206 \<603312211221 ≥6024519519Gender.976.542 Male309211020 Female27819721Risk group**.0232.69** **×** **10**^**−4**^ Low-risk group85371 Median-risk group351124926 High-risk group14113113Type.748.609 ABC4915341435 GCB82635LDH level.619**.015** Normal4113281625 High16412115

Among 57 PCNSL patients, the median OS for all patients was 16 months. The correlations of clinicopathological features and the expressions of PIM1 and MYD88 with overall survival time were determined ([Table 4](#t0020){ref-type="table"}). We found that risk score, LDH level, and treatment method were statistically significant predictors for OS (*P* \< .05), whereas age, gender, and type were not statistically significant (*P* \> .05). Kaplan-Meier analysis also showed that the high expression of PIM1 and MYD88 was a statistically significant unfavorable prognostic factor for PCNSL patients, with a median OS of 11 months vs 23 months (*P* = .018) and 8 months vs 31 months (*P* = 2.0 × 10^−6^), respectively ([Figure 6](#f0030){ref-type="fig"}). Multivariate Cox regression model analysis including risk score, LDH level, treatment method, and PIM1 and MYD88 expression status indicated that the expression status of MYD88 was an independent predictor of OS with a hazard ratio (HR) of 0.004 ([Table 5](#t0025){ref-type="table"}).Table 4Association of OS and Clinicopathological FeaturesTable 4CharacteristicsMedian OS (Months)*P* ValueAge.63 \<6017 ≥6015Gender.347 Male14 Female17Risk group**.001** Low-risk group34 Median-risk group15 High-risk group5Type.083 ABC14 GCB22LDH level**.015** Normal18 High6Treatment**1.2** **×** **10**^**−6**^ Surgery4 Surgery+chemotherapy25 Surgery+radiohemotherapy23Figure 6Kaplan-Meier analysis of PCNSL patients with differential PIM1 and MYD88 expression (*n* = 57 patients). (A) Overall survival for PIM1 high and low expression in PCNSL patients (*P* = .018). (B) Overall survival for MYD88 high and low expression in PCNSL patients (*P* = 2.0 × 10^−6^).Figure 6Table 5Multivariate Analysis of Prognostic Factors Affecting OS of PCNSL PatientsTable 5ParametersHR95% CI*P* ValueRisk group0.3860.086-1.736.215Treatment methods3.9221.198-12.837.054LDH Level1.0980.492-2.451.16MYD88 expression0.1430.037-0.546**.004**PIM1 expression2.1020.777-5.691.144

Discussion {#s0075}
==========

Recently, NGS has redefined the genetic landscape of lymphomas, especially DLBCL, by identifying recurrent somatic mutations. In some cases, these mutations affect potential therapeutic targets and provide new opportunities for personalized therapies. In the era of precision medicine, it is vital to effectively combine new technology with clinical practice and develop new targeted therapies to achieve individualized treatment. Schmitz et al. [@bb0140] reported the genetic subtype of DLBCL with diverse genotypic, epigenetic, and clinical characteristics, providing a potential nosology for precision-medicine strategies in DLBCL. The current study used NGS technology to detect the gene mutation status of PCNSL patients. We found a multilocus gene mutation phenomenon, which will help future pathogenesis studies and provide a new concept for the treatment of PCNSL.

In our study, a lymphoma-related gene panel covering 64 genes closely related to PCNSL pathogenesis and targeted therapy of lymphoma was used for NGS. In all 22 PCNSL samples, 198 mutations and 43 different genes mutations were detected. Overall, 65% mutations were found in NF-κB pathway components, including *CD79B* and *KMT2D*. The mutation frequency of *PIM1* was the highest with 58 mutations, followed by *MyD88*, *CD79B*, and *KMT2D*. The diverse mutation profiles indicated that PCNSL has heterogeneous tumor characteristics, and its heterogeneity may be related to tumor invasion, metastasis, disease resistance, and relapse. There were some differences in the mutation map compared with other studies [@bb0055], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0165], which may be related to the analysis methods, sample types, heterogeneity of the tumor tissues, and/or differences in the races of patients. Of these, regional differences might mostly explain the variance because our patients and samples were from Chinese patients compared with other studies that involved patients from North America or Europe. Another explanation might be that most of our cases were of the ABC subtype of PCNSL, which is characterized by activation of the BCR/NF-κB signaling pathway. This explains why we observed a high mutation frequency for *MYD88, PIM1, CD79A/B*, and *CARD11*.

Lymphoma is a group of diseases with significant heterogeneity and different clinical manifestations, morphological features, immunophenotypes, molecular subpopulations, and clinical prognosis. Previous studies showed that the mutational characterization of many somatic mutation targeted genes was highly variable and that they had a key role in B cell--related signaling pathways (BCR, NF-κB, NOTCH, and Toll-like receptor signaling pathways), immunity, and cell cycle-- or apoptosis-related signaling pathways. Most of the genetic alterations could be grouped into 20 related signaling pathways [@bb0170], [@bb0175], [@bb0180]. In our study, we found that mutations of the NF-κB signaling pathway predominated (50% of total variance), followed by B-cell receptor (12.62%), epigenetically related (9.60%), and apoptotic signaling pathways (9.60%). Bruno [@bb0145] and Fukumura [@bb0185] found a similar mutation distribution in these pathways. However, the mutation frequencies of different genes and related pathways are distinctive. These may be related to the different methods of research and sequencing, as well as ethnic, geographical, and regional differences.

The relationship between mutated genes and a patient\'s clinicopathological features indicated that some genes were significantly correlated with patient gender, age, and risk score. Furthermore, the *CD79B* and *GNA13* mutations were associated with an unfavorable prognosis, and *GNA13* was reported to have mutations in follicular and Burkitt lymphoma and GCB DLBCLs (\<25%). Some of the mutation sites negatively influenced gene expression and function, implying that *GNA13* may act as a tumor suppressor gene [@bb0190], [@bb0195]. Our results were similar to a previous study; however, our prognostic value results were limited by the relatively small sample size and retrospective nature of our study.

The lymphoma-related gene panel included gene mutations that might have an important role in treatment options. These mutations, currently targeted by precision therapies, may serve as alternative targeted therapies ([Figure 7](#f0035){ref-type="fig"}, Supplementary Table 5). In lymphoma, especially DLBCL, commonly used small molecular inhibitors include Bruton\'s tyrosine kinase inhibitor (ibrutinib), PI3K inhibitor (copanlisib, buparlisib), histone deacetylase inhibitor (vorinostat, belinostat), PIM kinase inhibitor (SGI-1776), protein kinase C inhibitor (sotrastaurin), and mTOR inhibitor (temsirolimus and everolimus) [@bb0200], [@bb0205], [@bb0210], [@bb0215].Figure 7Gene mutation with potential targeted therapy. The top 14 mutation genes in PCNSL cohort and the potential targets highlighted by indicating the appropriate class of molecules, which could potentially be used as therapy.Figure 7

Bruton\'s tyrosine kinase (BTK) is a kinase linking BCR signaling to NF-κB activity and inhibits chronic activation of the BCR pathway in DLBCL [@bb0220]. Ibrutinib is a selective, covalent, and irreversible BTK inhibitor with high activity in other lymphoid malignancies such as mantle cell lymphoma or chronic lymphocytic leukemia [@bb0225], [@bb0230], [@bb0235]. Recently, a phase I/II clinical trial of 80 patients with R/R DLBCL [@bb0240] showed that the response rate of ibrutinib in ABC type was 37%, while *MYD88/CD79B* double mutation patients responded significantly better to ibrutinib. A *MYD88* or *CD79B* mutation alone did not affect the sensitivity of patients to ibrutinib, which highlights the importance of the clinical utility of targeted NGS to patients. Because PCNSL has a special structure and its treatment largely depends on drugs crossing the blood-brain barrier as well as whole brain radiation, its outcome is significantly inferior to that of systemic DLBCL [@bb0245]. However, it was recently shown that it closely resembles the ABC subtype of DLBCL, characterized by specific somatic mutations [@bb0055], [@bb0145], [@bb0155], [@bb0185]. In our cohort, *CD79B* and *MYD88* mutations were found in the majority of cases, with a higher ratio compared with systemic ABC DLBCL. For these reasons, strategies that target BCR and *MYD88* signaling might be promising for the treatment of PCNSL. In addition to the independent mutations of *MYD88* and *CD79B*, the *MYD88/CD79B* double mutation occurred in 8 of 22 patients, who might be more receptive to ibrutinib treatment, although this requires confirmation in future studies.

*MYD88* is a common somatic mutation target in lymphomas, and L265P is a hot mutation locus. A previous study reported that 29% of cases had mutations in *MYD88* (L265P) in ABC-type DLBCL [@bb0250], whereas they were rare in GCB type and PMBL. *MYD88* is a crucial linking protein in the BCR/TLR signaling pathway, and current phase I/II clinical trials for patients with relapsed or refractory Waldenstrom\'s macroglobulinemia have been initiated ([NCT02092909](NCT02092909){#ir0005}). Other promising strategies for the targeted therapy of *MYD88*-mutated DLBCLs include targeting the TAK1 and IRAK4 mediator proteins of *MYD88* signaling and homodimerization [@bb0255], [@bb0260]. However, growing evidence has indicated that cross talk between the BCR and TLR signaling components may contribute to lymphomagenesis, indicating a dual blocking strategy for the treatment [@bb0265]. In our study, 14 patients (63.64%) had a *MYD88* mutation, 59.09% had a *MYD88* (*L265P*) mutation, and 36.36% had a double *MYD88/CD78B* mutation, indicating that all of these genetic alterations may play an important role in the pathogenesis of PCNSL and might provide a therapeutic target.

Recently, small molecule inhibitors of PIM kinase, serine/threonine kinase inhibitors competitively combined with ATP [@bb0270], have been studied and developed for DLBCL. The oncogene *PIM1* is a member of the *PIM* family (including *PIM1, PIM2*, and *PIM3*) and is mainly involved in regulation of the cell cycle, transcription and translation of proteins, promotion of apoptosis, regulation of cellular metabolism, and mediating drug resistance [@bb0270], [@bb0275], [@bb0280]. Therefore, it is closely related to the development of tumors. Small molecule PIM1 inhibitors have been investigated in phase I/II clinical trials for prostate cancer and relapsed/refractory NHLs ([NCT00848601](NCT00848601){#ir0010}). In our study, *PIM1* had the highest frequency of mutation. Different from *MYD88* gene mutations, there was a large heterogeneity in the mutations, with no clear mutation hot spots. In our study, 51 different loci mutations were found, and these were dominated by missense mutations. Interestingly, studies showed that the sensitivity of PIM kinase inhibitors in DLBCL was not related to the expression of PIM kinases [@bb0285], suggesting that the presence of modified PIM1 mutations may not necessarily affect PIM1 inhibitor treatment. In addition, in ABC-DLBCL *in vitro* experiments, *PIM1* mutations were associated with endogenous ibrutinib (BTK inhibitor) resistance. Mutations of PIM1 showed stable protein expression and enhanced NF-κB signaling transduction. In addition, a combination of pan-PIM inhibitor and ibrutinib was more effective than ibrutinib monotherapy [@bb0290]. Therefore, sequencing analysis of *PIM1* mutation status and loci might help screen eligible candidates suitable for PIM inhibitors and avoid drug resistance to improve patient treatment efficacy.

The PI3K signaling pathway is involved in cellular processes such as proliferation and survival. Chronic activation of the BCR signaling pathway in DLBCL activates PI3K, which indicates the existence of cross talk between NF-κB and PI3K pathways [@bb0220], [@bb0295]. Studies showed that *CD79B* mutant ABC cell lines were more sensitive to PI3K inhibitors than *CD79B* wild-type models, demonstrating that PI3K inhibition may reduce NF-κB activity in DLBCL cell lines [@bb0295]. Similarly, in GCB cell lines, the PTEN gene regulated the response to PI3K inhibitors, caused by mutation, deletion, or unknown molecular mechanisms [@bb0300]. Recently, the oral pan-PI3K inhibitor buparlisib was tested in a phase 2 clinical trial. The preliminary results showed that the overall response rate in DLBCL was 12% [@bb0305]. Another study showed that buparlisib had excellent brain penetration regardless of the influence of the blood-brain barrier, complete oral bioavailability, and efficient intracranial target inhibition at clinically achievable plasma concentrations [@bb0310]. These studies provide information that will aid the development of targeted therapeutic strategies for PCNSL patients.

In addition, protein kinase C (PKC) is a downstream target of multiple signaling pathways, including BCR and NF-κB. In B cells, PKCβ is thought to be the predominant PKC isoform that mediates BCR/NF-κB activation, maybe in part through the phosphorylation of *CARD11* [@bb0315], [@bb0320]. Studies showed that mutations of *CARD11* and *TNFAIP3* resulted in the decreased activity of ibrutinib and sotrastaurin (PKC inhibitor) and that the *CD79A/B* mutation was associated with the sensitivity of sotrastaurin [@bb0325], [@bb0330]. Another study tested sotrastaurin in combination with the mTOR inhibitor everolimus in patients with *CD79*-mutant or ABC subtype of DLBCL ([NCT01854606](NCT01854606){#ir0015}). In this study, mutated *CD79B* (59.09%), *CARD11* (22.73%), *CD79A* (9.09%), and *TNFAIP3* (4.55%) might have influenced the treatment effectiveness of PCNSL patients.

Targeting epigenetic changes is also being increasingly explored in the realm of precision therapy, notably using the inhibitors of DNA methyltransferase and histone deacetylase (HDAC) [@bb0335]. This study included *KMT2D, CREBBP*, *EP300, MEF2B,* and *EZH2,* which are within our lymphoma panel. Previous studies have shown that frequent inactivating mutations of *CREBPP* and *EP300* in DLBCL provide a basis for targeted therapy via HDAC inhibitors with the aim of reestablishing acetylation levels [@bb0340]. More specific epigenetic inhibitors are also being investigated: for example, HDAC inhibitors or a combination of BCL2 and histone methyltransferase inhibitors was considered a possible therapeutic option in the absence of both KMT2D and BCL2 deregulation [@bb0345]. In our cohort, *CREBBP and EP300* mutations were identified in 13.64% and 9.09% of PCNSL patients. *KMT2D*, accounting for 50.0% of our PCNSL patients, was one of the most frequently mutated genes in our cohort and had a higher frequency compared with *de novo* DLBCLs (approximately 30%) [@bb0190], [@bb0350], [@bb0355]. This indicates that *KMT2D* has an irreplaceable role in the tumorigenesis and development of PCNSL. Targeted epigenetic alterations have been developed through genome-wide sequencing, exons sequencing, epigenomes, and transcriptomes and may become a new therapeutic option.

PIM1 is highly expressed in several types of carcinomas and is related to prognosis; however, little is known about its role in PCNSL. Therefore, we focused on PIM1 expression and its prognostic value in PCNSL. Our results showed that PIM1 was highly expressed in 71.93% (41/57) of PCNSL patients, which was higher than in lymphadenitis (30%). The expression of PIM1 was correlated with the risk score of patients (*P* = .023), suggesting that it might be involved in the occurrence and development of PCNSL. However, there was no significant correlation between PIM1 and PCNSL patient age, gender, or LDH level. Furthermore, patients with high PIM1 expression had a poorer OS compared with patients with low PIM1 expression. Our findings are similar to those of Shuai [@bb0360], Guo [@bb0365], and His [@bb0370] reporting different kinds of carcinomas, suggesting that PIM1 may act as a prognostic factor for PCNSL patients.

Myeloid differentiation factor 88 (MYD88), which encodes a soluble adapter protein, is activated in the early genetic response of bone marrow cells to differentiation and growth inhibitory stimuli and also functions as a transcription factor to transduce most Toll-like receptors and cohesion proteins, including IL-1 and IL-18 [@bb0375], [@bb0380], [@bb0385]. In human ABC DLBCL cell lines, MYD88 forms complex receptor-associated kinase 4 with IL-1 receptor-associated kinase 1 and IL-1 to promote the activation of NF-κB and Janus kinase signal transducers and activators of transcription 3 (JAK-STAT3) signaling, resulting in the survival of lymphoma cells [@bb0380]. However, few studies have investigated the relationship between MYD88 and PCNSL and the clinical significance. Our results showed that MYD88 was highly expressed in 70.18% (40/57) of PCNSL patients, which was higher than in proliferative lymph node patients (15%). The expression of PIM1 was correlated with the risk score and LDH level of patients, which suggested that MYD88 may be involved in the occurrence and development of PCNSL. We also found that patients with high MYD88 expression had a poorer OS compared with those with low MYD88 expression. Moreover, multivariate analysis showed that high MYD88 expression was an independent prognostic factor for PCNSL patient overall survival. Choi et al. [@bb0390] reported that high MYD88 expression was related to poor DFS in DLBCL patients. Chen [@bb0395] discovered that high MYD88 expression in breast cancer patients was associated with a poor prognosis. Our results were in accord with these findings, suggesting that MYD88 may predict treatment efficacy and prognosis in patients with PCNSL.

NGS is increasingly accessible in current academic research but has not been fully utilized in conventional clinical settings. Our study demonstrated that by using a limited set of genes, we could track popular hot mutations and identify new and rare mutations to provide new potential treatment targets. Targeted NGS allows extensive depth and breadth of sequence studies, which play a fundamental role in the study of tumor subtype and heterogeneity. We used FFPE tumor samples, which are also the predominant form of acquired lymphoma specimens. Hopefully, the use of liquid biopsy in lymphoma diagnosis and early recurrence monitoring will become more common. Under the guidance of new technologies and concepts, we hope to promote and create new genomic research and targeted precision therapy for PCNSL patients.

Conclusion {#s0080}
==========

Regarding the mutational status of PCNSL patients using NGS, we identified highly recurrent genetic lesions in components of the NF-κB pathway, *CD79B* and *KMT2D*. Mutations of *CD79B* and *GNA13* may be related to the prognosis of PCNSL patients. Furthermore, PIM1 and MYD88 were highly expressed in the PCNSL cohort and were associated with poor survival. The high expression of MYD88 may be an independent prognostic factor affecting OS in PCNSL patients.
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